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Abstract

The ram accelerator, a chemically propelled
mass driver, is presented as a new approach for
directly launching acceleration insensitive pay-
Joads into low earth orbit. The cargo vehicle
resembles the centerbody of a conventional ramjet
and travels through a launch tube filled with a
premixed gaseous fuel and oxidizer mixture. The
tube acts as the outer cowling of the ramjet and
the combustion process travels with the vehicle,
Two modes of ram accelerator drive are described,
which when used in sequence, are capable of accel-
erating the cargo vehicle to 10 km/sec. The
requirements for placing a 2000 kg vehicle with
50% payload fraction into a 400 km orbit, with a
minimum of on-board rocket propellant for circu-
larization maneuvers, are examined. It is shown
that aerodynamic heating during atmospheric tran-
sit results in very little ablation of the nose.
Both direct and indirect orbital insertion scenar-
ios are 1investigated and a three-step maneuver
consisting of two burns and aerobraking is found
to minimize the on-board propellant mass. A scen-
ario involving a parking orbit below the desired
final orbit 1is suggested as a means to increase
the flexibility of the mass launch concept.

Nomenclature

A frontal area of vehicle

Ay cross sectional area of launch tube

Co drag coefficient of vehicle

Ce skin friction coefficient

Cp specific heat at constant pressure

F thrust

h heat transfer coefficient

Isp specific impulse

(3 constant

mass of vehicle

initial mass of vehicle

mass flow rate

Mach number

static pressure

heat load to nose cone

heat of combustion per unit mass

surface area of nose cone

Stanton number (h/oVCp)

time

static temperature of propellant gas

velocity of vehicle

terminal velocity at "edge" of atmosphere
(50 km)

velocity of vehicle at launch

altitude

altitude of launch

atmospheric density decay factor

specific heat ratio

heat of vaporization of carbon
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8 launch angle

o density of atmosphere

00 effective sea level density of atmosphere

Subscripts

1 conditions in tube upstream of vehicle

5 conditions at aft end of vehicle in
superdetonative mode

6 conditions at thermal choking point in

subsonic combustion mode

[. Introduction

One of the key problems in developing a perm-
anent large-scale space infrastructure designed
for space manufacturing, or for the full explora-
tion and colonization of our solar system, is the
relatively high cost of launch systems capable of
carrying the raw materials necessary to construct
the large space systems required. Much of this
materiel, such as the components of large space
structures, the various raw materials of space
manufacturing, and hydrogen, oxygen, and other
supply elements are capable of withstanding high
launching stress. This stress insensitivity has
attracted the attention of scientists and engin-
eers over the years, and various mass launchers to
carry out the function of direct launch have been
proposed.!=l*  These have ranged from hyperveloc-
ity guns to various electrical accelerators,3d-13
The relatively low efficiency of the former and
the formidable problem of dealing with the manage-
ment of the large instantaneous electric power
loads in the latter, have proved to be serious
barriers to their implementation.

At the University of Washington a ramjet-in-
tube concept called the "ram accelerator" has been
developed for efficiently accelerating relatively
large masses (up to several metric tons) from vel-
ocities of 0.7 km/sec up to 12 km/sec using chem-
ical energy.15-20 The propulsion cycle of the ram
accelerator is similar to the aero-thermodynamic
cycle which generates the thrust in a conventiona)
airbreathing ramjet; however, the device is oper-
ated in a different manner. The vehicle, which
resembles the centerbody of a conventional ramjet,
travels through a tube filled with a premixed com-
bustible gas mixture of fuel! and oxidizer (see
Figs. 1 and 2). The tube acts as the outer cowl-
ing of the ramjet and the energy release process
travels with the vehicle. The acceleration can be
maintained at a nearly constant level over the
entire velocity range of operation. The concept
is scalable for vehicle masses ranging from grams
to thousands of kilograms and has the potential
for a number of applications of interest, such as
hypervelocity impact studies and direct launch to
orbit of acceleration insensitive payloads.



Several modes of ram accelerator operation
have been investigated by the authors; these modes
differ primarily in the method of chemical heat
relfease and the operational velocity range.!5-20
Two modes relevant to the direct Tlaunch concept
are illustrated in Figs. 1 and 2. The first of
these (Fig. 1) uses thermally choked subsonic com-
bustion behind the vehicle and is suitable for the
velocity range of 0.7-3 km/sec.”™ The second (Fig.
2) uses the heat release in the oblique detonation
wave generated by the reflected bow shock to pro-
duce the forward thrust. In principle, this mode
of propulsion is capable of efficient acceleration
in the range of 3-12 km/sec. Laboratory scale
experiments on the thermally choked subsonic com-
bustion mode have been carried out at the
University of Washington. Yelocities of ~ 2
km/sec and accelerations up to 20,000 g have been
achieved with a 60 gm projectile in a 38 mm bore
tube, and proof of principle of the ram accelera-
tor concept has been established. The results
have shown a remarkably close agreement between
predicted and measured performancelS,l6,

The systems definition for direct Tlaunch
Tends itself to a number of possible operational
configurations. A launch system capable of deliv-
ering a 2000 kg vehicle with at least a 50% pay-
Toad fraction into Tow earth orbit (LEO) has been
selected for the purposes of the present study.?20
The peak permissible acceleration has been limited
to 1500 g as a compromise between reducing vehicle
structural mass and limiting the Jlength of the
launch tube. The following key issues are exam-
ined here: 1) the vehicle must be accelerated to
a velocity of the order of the orbital velocity or
higher; 2) the vehicle must survive the stresses
resulting from the launch acceleration; 3) the
vehicle must survive atmospheric transit and main-
tain its integrity with good thermal protection
for the cargo; 4) the necessary orbital maneuvers
must be accomplished with a minimum amount of on-
board rocket propellant. To date, only the
aspects of technical feasibility have been
addressed. The possible economic advantages of
this concept could only be approached indirectly.
For example, in order to reduce costs, exotic
technology was avoided, cheap propellants were
selected, and the potential reusability of the
vehicle was explored.

I1. Analysis of Ram Accelerator Drive Modes

The ram accelerator drive modes have been
modeled using a one-dimensional, quasi-steady,
inviscid approach.15:16 More recently, a 2-D axi-
symmetric inviscid CFD code has been used in the
analysis of the oblique detonation drive mode.!8
Here we present only a brief summary of the rele-
vant features of the 1-D models as they apply to
the two propulsive modes considered for the direct
space launch scheme.

Subsonic Combustion Mode

In the subsonic combustion ram accelerator
mode (Fig. 1) the cone angle of the nose is chosen
such that the oblique shock system in the diffuser

¥ The 1nitial acceleration to the 0.7 km/sec
entrance velocity of the ram accelerator is
accomplished by means of conventional gas gun
technology.

does not initiate combustion at any velocity
within the operational range of this mode. A nor-
mal shock too weak to ignite the gas mixture is
tocated downstream of the diffuser throat. This
shock renders the flow subsonic with respect to
the vehicle. The recirculation zone at the base
of the vehicle acts as a flameholding dump combus-
tor. The normal shock is stabilized on the
vehicle because the heat releaase of combustion
chokes the flow at the full tube area behind the
vehicle. The resulting pressure distribution on
the vehicle produces forward thrust.

This ram accelerator mode is amenable to a
particularly straightforward approach  which
results in a closed form analytical solution for
the thrust on the vehicle. Applying the momentum
conservation equation to the control volume
defined in Fig. 1 by stations 1 and 6 and the
launch tube, yields the equation for the thrust:

F o= (piAy + Muy) - (peAy + Mmoug) (1)

Combining Eq. 1 with the equations of conservation
of mass and energy, and noting that M. = 1, i.e.,
the flow Tleaving the control volume is thermally
choked, yields the following relation for the non-

dimensional thrust parameter, F/plAt, on the
vehiclels:
2
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The subscripts | and 6 denote the upstream and
downstream boundaries of the control volume shown
in Fig. 1.

The thrust, and thus the acceleration of the
vehicle, is directly proportional to the tube fill
pressure. The in-tube aerodynamic friction is so
small compared to the thrust that it can be neg-
lected. 15

As the projectile accelerates, the thrust
decreases, reaching zero at a flight Mach number
which corresponds to that of a one-dimensional
Chapman-Jouguet (C-J) detonation wave propagating
in the same gas mixture.!5 This is the limiting
velocity for the thermally choked subsonic combus-
tion mode of propulsion. In the Tlaboratory the
authors have attained projectile velocities of
~85% of the C-J velocity in propellant mixtures of
methane and oxygen, with nitrogen, carbon dioxide
or helium as diluents.1® Thus, by using fuel-rich
hydrogen-oxygen propellant mixtures, velocities of
~ 3000 m/sec should be attainable using the ther-
mally choked subsonic combustion drive mode.
Accordingly, for the purposes of the present
paper, this velocity has been chosen for the tran-
sition to the oblique detonation mode.

Optimum performance is obtained by keeping
the vehicle Mach number within a narrow range
close to that corresponding to the peak thrust.
This can be accomplished by filling the launch
tube with a graded propellant mixture whose acous-
tic speed increases 1in the direction of vehicle
travel or by dividing the launch tube into several
segments filled with different propellant mix-



tures, and constraining the vehicle to operate
over a limited Mach number range in each segment.

Figure 3 shows plots of the non-dimensional
thrust parameter (Eq. 1) as a function of vehicle
velocity for three representative propellant mix-
tures which could be wused to accelerate the
vehicle from a velocity of 0.7 km/sec to 3 km/sec.
The dotted lines show appropriate transitions
between the different mixtures.” Based on this
example, the propellant fill pressure necessary to
accelerate a 2000 kg, 0.76 m diameter vehicle in a
1.0 m I.0. launch tube at < 1500 g is 50 atm.
With this initial pressure, a peak cycle pressure
of 1450 atm is reached at the end of the third
mixture. The length of launch tube required to
reach 3 km/sec with the acceleration profile of
Fig. 3 is 354 m.

Oblique Detonation Mode (Superdetonative)

In the oblique detonation concept (Fig. 2),
the nose cone angle, vehicle velocity and acoustic
speed of the combustible gas mixture are selected
such that the initial conical shock does not init-
jate combustion but the reflected shock from the
tube wall does. In operation, the reflected shock
becomes an oblique detonation wave, which may be
either (-J or overdriven. The vehicle geometry
and tube to vehicle diameter ratio are chosen so
that the reflected detonation wave strikes the
vehicle Jjust aft of the shoulder. The flow
remains supersonic throughout. Because the deton-
ation drive mode operates at vehicle velocities
which exceed the Jlocal C-J detonation speed, it
will henceforth be referred to as the "superdeton-
ative" mode.

Although the general thrust equation for the
superdetonative mode is similar to Eq. 1, with the
subscript 6 replaced by 5 (see Fig. 2), no simple
closed-form solution exists and the thrust must be
determined numerically.l?7 The incident oblique
shock 1is calculated by applying the equations of
continuity, momentum (in two dimensions) and
energy across the shock. The reflected oblique
detonation wave is computed in a similar manner
with a heat addition term included in the energy
equation, The conditions at station 4 are deter-
mined by applying the conservation equations
between this station and the station just down-
stream of the detonation wave. The nozzle flow
from station 4 to station 5 is treated isentropic-
ally. An ideal gas equation of state is assumed
with one set of values of y and molecular weight
before combustion and a second set after combus-
tion.

The temperature after the initial compres-
sion by the bow shock, but before combustion, is
Timited to a maximum of 900°K. Cycle solutions
with higher post compression temperatures are
assumed to be at risk for combustion and are
rejected as practical cycle solutions. In addi-
tion, valid solutions are required to have temper-
atures behind the reflected shock (without combus-
tion) exceeding 1100°K to ensure initiation of the
detonation.

*Transition between different mixtures has been
experimentally demonstrated by the authors.l6

Figure 4 shows curves of the non-dimensional
thrust parameter, F/p;At, versus velocity for the
superdetonative mode. The half-angle of the nose
was assumed to be 12.5°. This value is necessary
to produce sufficient compression across the
bow shock to ensure that the reflected wave
is a detonation even at the low velocity limit
(3.0 km/sec)} of this mode of propulsion. Fach
curve represents a different propellant mixture
identified in Fig. 4. These were chosen to have
overlapping regimes of operation to span the velo-
city range of 3 to 10 km/sec. The dotted 1lines
indicate appropriate velocities at which to make
transitions between the mixtures to maximize the
overall average thrust. For a tube fill pressure
of 50 atm, a peak cycle pressure of 4450 atm is
reached in mixture #2.

Mode Transition

The vehicle geometries required for the two
modes of propulsion discussed above are suffic-
jently similar that a single configuration can be
designed to operate using both modes 1in sequence
to attain the desired velocity. The transition
from the subsonic combustion mode to the superdet-
onative mode is effected by an abrupt change of
propellant mixture in the accelerator tube at the
location where the necessary transition velocity
of 3 km/sec is achieved. In the example presented
here the transition occurs from a mixture of
4H, + 0, to one of 2H, + 0, + 2N, + 3Ap. At
transition the Mach number suddenly increases from
4.5 to 8.3 because the second mixture has a much
Tower speed of sound. The oblique detonation wave
is automatically established on the vehicle. A
thin diaphragm can be used to separate the gas
mixtures.

In-Tube Velocity Profile

The velocity profile of the in-tube flight of
the vehicle is determined by integrating the equa-
tion of motion of the vehicle. The results are
shown in Fig. 5 for a tube fill pressure of 50
atm. The overall Jlength of launch tube required
to accelerate the 2000 kg vehicle from a standing
start varies from 1.75 km at 7 km/se¢ to 4.0 km at
10 km/sec.

IIT. Vehicle and Launch Tube Configuration

In carrying out the vehicle design studies,
preliminary configurations of an integrated
vehicle were developed. The configuration used in
the current study is shown in Fig. 6. The vehicle
diameter is 0.76 m and its overall length is 6.0m.
Behind the ablative nose-cone are located the main
orbital maneuvering solid propellant rocket and
the hydrazine monopropellant rocket used for final
orbital maneuvers. Both rocket wunits have four
symmetrical nozzles pointing forward. These noz-
zles are initially shielded by expendable ablating
covers, By placing the on-board rocket units in
the forward portion of the vehicle the volumetric
utilization of the vehicle for the payload is max-
imized. The structural aspects of the portion of
the vehicle forward of the payload section are
currently being considered by the authors in
ongoing studies and will be reported in a future
publication. The payload section design is dis-
cussed briefly in the following paragraphs.



The structural design of the payload vessel
in the ram accelerator mass launcher represents a
key to the overall success of the concept. The
goal is to design the payload vessel to resist all
Joads imposed by the ram accelerator while mini-
mizing the mass necessary to do so. A suitable
structural design capable of carrying a 1000 kg
payload of water was investigated. The optimum
configuration was determined to be a vessel whose
shape is integrated directly into the vehicle's
body. The material chosen was graphite epoxy
because of its high strength and light weight.

The loads experienced by the payload vessel
while the vehicle is in the launch tube of the ram
accelerator are far greater than any loads experi-
enced anywhere else during the mission.  There-
fore, 1if the vessel can withstand these loads,
survival of the payload will be assured. The
outer configuration of the vehicle must satisfy
the geometrical design for the aft end imposed by
the gasdynamic cycle considerations. This can be
best accomplished by incorporating the vessel into
the rear end geometry of the vehicle as shown in
Fig. 6. The load generated by the structural mass
of the vehicle ahead of the cargo vessel (i.e.
nose cone, rocket systems, etc.) is assumed to be
transmitted directly to the cylindrical walls of
the vessel.

Due to the hydrostatic loading of the liquid
payload, a hoop stress is developed within the
structure which increases linearly towards the
rear of the structure. The cylinder also experi-
ences a compressive loading from the acceleration
of the mass of the cylinder wall and the mass of
the forward portion of the vehicle, and a compres-
sive hoop stress from the external cycle pressure.
With the computation of the hoop and longitudinal
stress under the given loading conditions, the
parameters of design are optimized by choice of
the ply layup and lamination thickness of the com-
posite material. The criterion for failure is the
maximum strength criterion applied to the first
ply failure mode of the composite material.

The number of the ply layups within the sub-
laminate was chosen 1in such a way as to maximize
the strength to mass ratio. The total mass of the
cargo carrying portion of the vehicle was deter-
mined to be ~ 185 kg.20 [t is estimated that the
remaining structural mass of the forward portion
of the vehicle, including the ablative nose cone,
will not exceed this value.

Launch Tube and Initial Accelerator

The launch tube presents interesting design
problems of its own. For the point-design discus-
sed here the tube will have a length between 1.75
and 4 km, depending on the selected Taunch veloc-
ity. The tube material and wall thickness must be
such as to withstand the peak pressures imposed by
the propulsive cycles. In each mode the heat and
pressure pulses travel with the vehicle, distri-
buting the heat over the entire length of the
launch tube. Consequently, the temperature rise
of the tube 1is very small and very 1little tube
wear is expected. Indeed, after several hundred
shots the authors have yet to detect any tube wear
in their experimental facility.

For present purposes it is conservatively
assumed that the Taunch tube must contain the peak
cycle pressure in static loading and that the tube
is manufactured from high strength steel alloy
(200,000 psi yield). The peak pressure in both
the initial gas gun and the subsonic combustion
mode is ~ 1500 atm, while in the superdetonative
mode it is 4450 atm. The respective tube [.D.'s
are 0.76, 1.0 and 0.85 m. Including a safety fac-
tor of 2, the required wall thicknesses of the
three tube sections are respectively 9.6 cm, 12.6
cm and 50 cm.  To accelerate a 2000 kg vehicle to
9 km/sec, for example, would require a launch tube
3.15 km long, which would have a mass of ~ 48,500
metric tons, about the same as a large ocean
liner.  The technology for fabricating and laying
such a tube up the side of a mountain with the
appropriate average slope is similar to that
developed for laying pipelines and should not pre-
sent undue difficulties.

In order to contain the 50 atm propellant gas
mixtures in the ram accelerator tube prior to
launch, some form of closure must be used both at
the entrance and exit of the launch tube. These

- closures could be thin, petaling, Kevlar dia-

phragms or fast-acting mechanical shutters. The
exit closure could be explosively removed just
before the vehicle arrived, as there would then no
longer be any risk of pre-igniting the combustible
gas fill. A diaphragm is also required at the
point of transition between the thermally choked
subsonic combustion mode and the superdetonative
mode.  This diaphragm, however, can be very thin
since it does not have to support a pressure dif-
ferential. On either side of this diaphragm the
propellant compgsition would be appropriately
graded to maximize the performance of the ram
accelerator propulsive modes over their opera-
tional velocity ranges. The gases would be deliv-
ered to the launch tube at suitable intervals
along its length by turbine-driven pumps.

The design of the initial accelerator is also
straightforward. Its requirement is to accelerate
the vehicle from a standing start to the 700 m/sec
necessary for injection into the ram accelerator
tube. In the laboratory the authors have used a
simple, single-stage helium gas gun.15:;16 For the
direct launch system it 1{s proposed to use a
combustion-driven gas gun. Such devices are tech-
nologically well developed for smaller calibers®’,
however, there does not appear to be any serious
impediment to scaling up the concept to accomodate
a ram accelerator vehicle. For example, during
World War II the Germans used two artillery pieces
with an 88 cm bore, which is larger than the diam-
eter of the ram accelerator vehicle considered
here.  Assuming a modest piezometric ratio of
~ 1.8 and a peak acceleration of 1500 g, the
length of the initial launcher would be 30 m.

IV. Atmospheric Transit and Aerodynamic Heating

Once the vehicle exits the Taunch tube it
performs the atmospheric transit phase of its
journey. At launch velocities of 7-10 km/sec the
vehicle undergoes severe aerodynamic heating which
necessitates some type of thermal protection to
preserve its integrity. The emphasis in this



paper is on an -ablative heat shield, although a
transpirggion cooled nose-cone has also been con-
sidered. For the ablative case it is necessary
to provide the required thermal protection with as
low an ablator mass as possible, so that the
vehicle can carry as much payload as possible.

The vehicle has a nose-cone half-angle of
12.5°, an initial mass of 2000 kg, a diameter of
0.76 m, and a carbon-carbon composite ablating
material nose-cone construction. The nose-cone
half-angle is set by the propulsive requirements,
as noted earlier. This results in an initial
hypersonic drag coefficient of 0.09. Launch vel-
ocities in the range of 7-10 km/sec, launch angles
of 10°-35° and Taunch altitudes of 0-4.5 km have
been considered. At high launch altitudes the
tower air density will result in less drag and in
less aerodynamic heating. Thus, higher launch
altitudes reduce the thermal protection require-
ments and the amount of on-board rocket propel-
lant.  The maximum launch altitude of 4.5 km was
chosen arbitrarily, but it is an altitude that can
be reasonably attained in many parts of the world
at relatively low latitudes. The launch veloci-
ties of 7-10 km/sec and angles of 10°-35° encom-
pass a representative range of potential launch
scenarios for achieving LEO.

In-Tube Heating

Although the problem of in-tube heating at
velocities above about 7 km/sec is not trivial and
requires further study, it is not considered in
detail in this paper. In-tube heating is to a
certain extent alleviated since the composition of
the propellant mixture inside the launch tube is
varied such that its acoustic velocity increases
toward the muzzle, thus maintaining the vehicle
Mach number below ~ 12, even at 10 km/sec. This
limits the stagnation temperature, and thus the
heat transfer. [If the mixture composition is also
varied radially and hydrogen is used at the core,
the surface temperature at the nose tip will be
low enough that sublimation of the carbon-carbon
composite will not occur over the range of launch
velocities contemplated. 20

Ablation and Shape Change During Atmospheric
Transit

When the vehicle enters the atmosphere, the
nose-cone is subjected to a much higher stagnation
temperature than in the launch tube because of
the sudden increase in Mach number, and begins to
ablate. The ablation process is assumed to be
axisymmgtric and the surface is assumed to remain
smooth. The recession of the nose cone, however,
is not wuniform because the heat transfer at the
tip, 1i.e. the stagnation point, is much higher
than at the side wall of -the cone. Since the
angle of a cone remains essentially constant dur-
ing ablation’®, the recession of the surface has
been modeled by a cone with a spherical cap,
where the radius of the cap increases with mass
loss. This approximates the effect of blunting
that will actually occur.

The velocity range of concern is sufficiently
low that the heating 1is convective only.23

* These assumptions are reasonable because the
total ablated mass turns out to be very small.

Because the Reynolds number is so high (on the
order of 109) the flow is turbulent. Any dissc-
ciation that may occur due to the jump conditions
across the shock has been neglected in the analy-
sis. The heat transfer that is calculated in this
manner is a conservative, i.e. high, estimate.

The equation of motion for a vehicle travers-
ing the atmosphere is

mg—\é=-%CDoV2A {3)

where gravity is neglected because the drag term
is much larger than the gravitational force during

atmospheric transit. The heat input to the
vehicle is23

dg _ 1 3

T St o V™S (4)
Assuming an isothermal atmosphere, o = poe'gy,

where po = 1.752 kg/m3 and g8 = 1.49 x 10-% m-1, 2%
and using Reynold's analogy, St = Cf/2, it can be
shown that the mass loss as a function of altitude

from launch is given by20
? d -gy2 5y
™ F:faf« (5)

dm=_cFv25’g$e [~
dy £+ “$Tne;

where V is obtained from

dvV _  Cphpgve” 8
dy = T 7m sin 85 (6)

In Eq. 5 the quantity kv2 in the denominator rep-
resents the effect that ablation has in reducing
heat transfer through the boundary layer; k is a
constant whose value is 0.1 for turbulent flow and
0.3 for laminar flow. The mean value of Cf was
computed using the method of Van Driest2S, assum-
ing a wall temperature of 4000 K. A value of
Cf = 0.00056 was determined for the case of no
ablation but with heat transfer. The heat of
vaporization of carbon was taken to be that for
Ci, 2.28 x 107 J/kg.26 Cp was computed from the
pressure drag for a three dimensional body of
revolution27, with the effect of nose blunting
included.

For a given change in altitude, a mass loss
was found. This mass loss was subtracted from the
body and a new shape was found using the ablation
model discussed earlier. The Cp of the new shape
was determined and the change in velocity calcu-
lated. The rate of mass Tloss by ablation was
found to become negligbible at altitudes above
~ 30 km.

The total mass lost by ablation of the nose
was found to be very small at any of the launch
velocities and angles considered. Figure 7 shows
representative results as a function of initial
velocity and launch altitude for an initial angle
of 20°. Even at 10 km/sec initial velocity the
mass loss is only 23 kg, about 1% of the vehicle
mass. The ram accelerator concept can thus launch
a payload to orbit with good thermal protection
and no damage to the payload. The ratio of the
terminal velocity of the vehicle at 50 km to the
initial velocity of the vehicle, vs. launch angle
and initial altitude 1is shown in Fig. 8. The
advantage of Tlaunching at the highest possible



The value of Cp

altitude 1is clearly evident.
changes very little because the low amount of
ablation does not blunt the nose very much,

the purposes of the trajectory

Accordingly, for
average value of Cp = 0.1 was

computations an
assumed.

Transpiration Cooling

Transpiration cooling has also been consid-
ered as an alternative  thermal protection
scheme.20 This method offers the possibility of
complete reusability of the vehicle. Previous
studies have shown that a low molecular weight
coolant maximizes the reduction of the skin-
friction coefficient.28 Ammonia, NH;, has a rel-
atively low molecular weight, especially after
dissociation to its elements, and can be stored as
a liquid. To maintain a surface temperature of
1800° K, the mass of coolant needed for the pro-
posed vehicle is ~ 200 kg, which is a significant
fraction of total vehicle mass. Even if much
higher wall temperatures were tolerable the mass
of coolant required would greatly exceed the mass
lost by an ablative nose. Coupled with the
greatly increased complexity of this method of
thermal protection, this fact eliminates transpir-
ation cooling as an acceptable approach for any
direct launch scheme.

V. Orbital Mechanics

A major influence in the design and feasibil-
ity of any direct launch scheme 1is the payload
mass fraction the vehicle can carry. To maximize

the payload, the propellant needed for orbital
maneuvers must be minimized. This can be accom-
plished by selecting the orbital path that
requires the least amount of propellant burn to

attain the desired orbit, e.g. that of the space
station, in an acceptable time frame.

The major problem with launching directly to
a space station or orbiting platform in a non-
equatorial orbit is that the time of launch from
earth is limited to specific time intervals. The
method itself is sound, but it limits the rate at
which vehicles can be launched from earth and
received at the space station, thus increasing the
Taunch costs. Any solution to the orbital trans-
fer problem must maximize the rate at which
vehicles can be launched from earth and delivered
to the space station, as well as minimize the
amount of time and effort required of the ram
accelerator and space station crews. The solution
is to make use of a parking orbit below the space
station orbit.

Parking Qrbit

The parking orbit has the same inciination as
the space station orbit but a different altitude.
Its purpose is to hold a large number of vehicles,
which have been launched previously from the ram
accelerator, for future use by the space station.
Such an orbit allows vehicles to be launched at
more frequent intervals than a direct Tlaunch to
the space station orbit itself, and enables the
space station crew to extract the vehicles from
the parking orbit as required. The altitude of
the parking orbit can be higher or lower than that
of the space station, but the lower one is prefer-
able because it has lower energy requirements and

it minimizes the
transfer process.

time involved in the orpital

A safe operating separation of
50 km from the space station has been selected.
For the special case of equatorial orbits the
vehicles can be launched into the parking orbit as
frequently as desired because as the earth turns
the launch point always remains in the same plane
as the orbit.

Circularization Maneuvers

The analysis of the orbital maneuvers neces-
sary to bring an object from the '“edge" of the
atmosphere (defined as 50 km altitude for present
purposes) to a desired circular parking orbit
requires that certain parameters be known at cer-
tain points in the trajectory. Given the initial
mass, speed, position, and launch angle of the
vehicle, and the specific impulse of onboard pro-
pellant, the necessary maneuvers and propellant
burns can be calculated.

Conventional wisdom for minimizing the amount
of ‘prope!lant needed to circularize the orbit of
an impulsively launched vehicle is to launch it in

such a manner that its ballistic apogee is at the
qlti;ude of the desired circular orbit,5 as shown
in Fig. 9a. The propellant mass ratio required

for such a maneuver is shown by the dashed curves
in Fig. 10, as a function of initial velocity and
launch altitude for the case of a parking orbit at
350 km and a final orbit at 400 km. The orbits
are assumed to be equatorial. The first burn to
circularize at 350 km was assumed to have an Isp
of 300, while the final burns to attain the 400 km
orbit were assumed to have Isp's of 245. For a
given orbit, launch velocity, and launch altitude
there is a unique launch angle which places the
apogee at the desired altitude. As the initial
velocity is increased, the launch angle must be
reduced, thus incurring an increasing penalty in
aerodynamic drag. For example, for a sea level
Taunch the Tlaunch angle decreases from 22.5° at
7 km/sec to 14.8° at 10 km/sec. At 4.5 km initial
altitude the corresponding figures are 17.4° at
7 km/sec and 9.7° at 10 km/sec.

Multi-Step Maneuver: A more economical man-
euver 1nvestigated by the authors consists of two
burns with an atmospheric braking maneuver between
the two burns, as shown in Fig. 9b. The vehicle
is Jaunched at a higher initial angle, so that its
ballistic apogee is above the desired parking
orbit. At the apogee, a burn is performed which
raises the perigee enough so that the vehicle's
path misses the earth's surface but remains in the
atmosphere, which in turn brakes the vehicle and
lowers the apogee. A second burn is then made at
the new apogee to circularize the parking orbit.
For the range of launch velocities and angles con-
sidered, the perigee altitude lies approximately
in the range of 30-50 km for the aerobrake man-

euver.  The intrinsic drag of the vehicle is suf-
ficient to perform the necessary aerobraking av
for a broad range of launch parameters. Thus no

special  aerodynamic devices are required to
enhance the drag. Because the necessary av's are
genera11y under 1000 m/sec, the aerodynamic heat-
ing during the aerobrake maneuver is not severe.

The amount of on-board rocket propellant
needed to maneuver the ram accelerator vehicle to
the desired orbit using this approach is directly
dependent upon four major variables: the initial



of the vehicle, the launch angle, the
altitude and the specific impulse of the
Because the initial burn of
the orbital maneuvers requires the most propel-
lant, optimizing the initial launch conditions is
critical to reducing the overall amount of propel-
lant necessary to complete the orbital maneuvers.
In the absence of an atmosphere, the optimum
launch angle for any initial velocity would be 0°
{i.e., tangent to the earth's surface) because the
trajectory would then most closely approximate a
Hohmann transfer. However, because of the pres-
ence of the atmosphere, lTowering the launch angle
increases the atmospheric drag on the vehicle and
thus decreases the atmospheric exit velocity. An
optimal launch angle can be determined for any
given initial velocity and altitude.

velocity
launch
on-board propellant.

The variation of total propellant mass frac-
tion with launch angie for various initial veloc-
ities at launch altitudes of 1.5 and 4.5 km is
shown in Fig. 11, for an equatorial launch. This
mass fraction includes the propellant required for
the final transfer to a space station orbit at 400
km. As expected, the propellant mass fraction
required for maneuvers decreases with increasing
initial velocity and increasing launch altitude.
The optimum Taunch angle 1is in the range of
27°-17° for velocities of 7-10 km/sec.  The mini-
mum possible launch angle for a given combination
of launch altitude and velocity is that for which
the ballistic apogee is just at the parking
orbit's altitude. Changes in the initial velocity
have a sizable effect on the necessary propellant
burn.  The reason for this phenomenon is that
higher initial velocities result in higher orbital
apogee velocities, and a larger orbital apogee
velocity results in lower propellant burns to pro-
duce the change in velocity required to obtain the
desired perigee altitude for aerobraking.

The solid curves in Fig. 10 show the depen-
dence of the propellant mass fraction on the ini-
tial launch velocity for several launch altitudes.
For each combination of velocity and altitude the
optimum launch angle was used. It can readily be
seen that the multiple-burn-with-aerobrake man-
euver requires less propellant than the direct
insertion maneuver, especially at the higher
launch velocities. The reason for this greater
propellant economy is that the multiple maneuver
scheme optimizes at a higher launch angle than the
direct insertion maneuver and thus the vehicle
exits the atmosphere at a higher velocity.

To conduct a Hohmann transfer between the
parking and final orbits, the vehicle and the
space station must be in the proper initial posi-
tions if a rendezvous is to occur. The rate of
transfer of vehicles to the space station is
determined by the time it takes the space station
and the vehicle to make the necessary initial rel-
ative angle. Table 1 1lists the time to conjunc-
tion as a function of the number of vehicles in
the parking orbit. If the rate of transfer of
vehicles to a space station in equatorial orbit is
assumed equal to the expected maximum rate-of-fire
of the ram accelerator (approximately every 2 hrs)
the optimum steady state number of vehicles in the
parking orbit is 69. Assuming a payload fraction
of 50%, this rate of fire would permit delivering
12,000 kg of materials and supplies daily to a
space station in equatorial orbit.

TABLE 1

Number of Angular Time to Reach
Vehicles Spacing Conjunction

1 3600 138.1 hrs

5 720 27.62 hrs

10 369 13.8 hrs

25 14.40 5.52 hrs

50 7.29 2.76 hrs

69 5,229 2.0 hrs

100 3.69 1.38 hrs

Disposition of Spent Vehicles

The disposition of the ram accelerator
vehicles, once they have been intercepted and
unloaded by the space station crew, presents sev-
eral possible options: 1) discard them in orbit,
2) disassemble them and use the payload vessels to
store materials at the space station, 3) use them
as sources of material for space structures or
other uses, 4) use tether techniques to send clus-
ters of them back to earth on re-entry trajector-
ies for refurbishment and re-use. Clearly, option
1 must be ruled out because of the severe orbital
clutter that would result. Options 2 and 3 are
more desirable but place additional design con-
straints on the vehicles to optimize their adapt-
ability to other uses. Option 4 would require
that the ablative shield be designed to also sur-
vive atmospheric re-entry, which would place a
much more severe heat load on the vehicle than the
initial upward leg of the journey. In addition,
the vehicle would have to be equipped with drag
brakes and parachutes for the final phase of
recovery before splashdown. These requirements
would result in a decrease of the payload frac-
tion, and an increase in the complexity of the
control system. In addition, recovery and refur-
bishment operations would have to be implemented.
Which of the options turns out to be the most
desirable will depend on their relative impacts on
overall launch costs. This 1issue is currently
under study.

VI. Conclusions
The ram accelerator offers a promising new
approach for the direct launch of acceleration
insensitive cargo to low earth orbit. Using the
controlled release of chemical energy in a propul-
sive cycle similar to that of a conventional ram-
Jjet, the device is capable of accelerating cargo
vehicles of up to several metric tons to veloci-
ties as high as 10 km/sec at a nearly constant

acceleration. Payload mass fractions of 50% or
better are achievable. Aerodynamic heating during
atmospheric transit of a 2000 kg vehicle results

iq very little ablation at any of the launch velo-
cities considered. The most economical orbital
insertion scheme consists of three Hohmann trans-
fers involving a burn at first apogee, followed by
an atmospheric braking maneuver at first perigee,
and a second burn for circularization at the
second apogee. By placing the vehicles in a park-
ing orbit below the desired final orbit, the
launch and interception events are made indepen-
dent, thus increasing the flexibility of the mass
Taunch concept.
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Fig. 1. Schematic of thermally choked subsonic
combustion ram accelerator drive mode.
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Fig. 2. Schematic of oblique detonation ram

accelerator drive mode (superdetonative).

ACLELERATION ()

THRUST PARAME1ER, I/p|AL

VELOCITY (km/sec)

Fig. 3. Thrust parameter and acceleration as func
tions of velocity for subsonic thermally
choked combustion ram accelerator mode.
Acceleration figures are for 2000 kg
0.76 m 0.D. vehicle, 1.0 m I.D0. launch
tube and 50 atm propellant fill pressure.
Dashed lines indicate mixture transitions.
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Total propellant mass fraction as a func-
tion of Taunch velocity for circulariza-
tion maneuvers shown in Figs. 9a (dashed
curves) and 9b (solid curves). Parking
orbit at 350 km, final orbit at 400 km.
Equatorial launch. First burn uses solid
rocket (Is,=300); all other burns use
hydrazine rocket (ISp = 245). Launch
angle is optimized for each launch alti-
tude and velocity.
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tion of launch angle for multi-step
circularization maneuver of Fig. 9b.
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first burn, 245 for all others.



